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The purpose of this study was to assess the accuracy of
continuous wave, two-dimensional Doppler echocardi-
ography for predicting pressure gradients across discrete
subaortic stenoses. Twenty-threeNewfoundland dogswith
subaortic stenosis were studied by closed chest Doppler
interrogation of aortic velocity from an apical view of
the left ventricular outflow tract simultaneously with
measurements of pressure gradient during cardiac cath-
eterization. Continuous mode Doppler interrogation was
used with two-dimensional echographic guidance (Irex
model IIIB) to compare the Doppler-derived maximal
velocity with the pressure gradient across the obstruction
at rest and after provocation with amyl nitrite inhalation
and isoproterenol infusion. The maximal velocities re-
corded by Doppler ranged from 98 to 539 cm/s and
Discrete subvalvular aortic stenosis accounts for 8 to 20%
of all forms of ventricular outflow tract obstruction (1-4).
Three anatomic types of subaortic stenosis are recognized:
I) a membranous type, in which a fibrous diaphragm is
present underneath the aortic valve and circling the left
ventricular outflow tract; 2) a fibromuscular type, in which
a thicker ring with or without a muscular base forms a collar-
like obstruction; and 3) afibromuscular tunnel that obstructs
the left ventricular outflow tract for several centimeters (5-7).
Assessment of the severity of the subvalvular stenosis has
until now depended on cardiac catheterization which, given
the progressive nature of the obstruction in many young
patients, has implied repeated invasive studies.
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correlated with hemodynamic gradients ranging from 3
to 123 mm Hg (r = 0.92, SEE = 37 coos). Doppler
velocities were converted to gradients using a simplifi-
cation of the Bernoulli relation (gradient =4 x maximal
velocity'); the resulting Doppler-derived gradients also
correlated closely with the catheterization-measured
pressure gradients (r = 0.95, SEE = 7.1 mm Hg).
The predictive capability of Doppler echocardiog-
raphy for estimating the pressure gradient across fibro-
muscular subaortic obstructions in this group of dogs
with a spectrum of diseasesimilar to that found in human
beings was validated. The results also indicate that Dop-
pler methods may have clinical applications in patients
with subaortic stenosis.
(J Am Coli Cardiol1985;5:1363-7)
Our own work and that of other investigators have shown
that continuous wave Doppler two-dimensional echocardi-
ography is an accurate method for estimating the pressure
gradient across discrete obstructions. To validate the ac-
curacy of this technique for predicting the gradient across
discrete subaortic rings, we studied dogs from a previously
described (8-10) inbred colony with a discrete fibrous sub-
aortic ring of a progressive nature quite similar to that found
in human subjects.
Methods
Animal model. The animals used in this study were
selected from the National Heart, Lung, and Blood Institute's
Newfoundland dog colony. This colony of dogs with sub-
aortic stenosis was developed from a group of animals ob-
tained from those described by Pyle et al. (9). The cardiac
lesion is inherited as an autosomal dominant trait with vari-
able penetrance. Additionally, it appears to be acquired after
birth. Of the more than 176 Newfoundland dogs that we
studied, all dogs older than the age of 4 months had a subaortic
fibrous ring; however, none of 23 newborn dogs and I of
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hemodynamic state and matched with the simultaneously
measured left ventricular and ascending aortic pressures to
allowcomparison of Doppler-predicted with measured pres-
sure gradients.
Ultrasound and Doppler methods. Ultrasound imaging
and Doppler studies were performed with an Irex phased
array ultrasound scanner consisting of a Pedof (Vingmed
NS) Doppler system capable of providing both pulsed and
continuous wave Doppleroutput (2 MHz) and simultaneous
two-dimensional echocardiographic (2.5 MHz) imaging. Both
two-dimensional echocardiographic images and Doppler flow
curves were obtained with the same transducer array, but
only the central image line could be interrogated for either
pulsedor continuouswaveDopplersampling.Once located,
a stenotic jet could be sampled in the continuous Doppler
modewithor withoutsimultaneous imagingup to a maximal
velocity of 800 cm/s.
Doppleroutputsutilizedin the study werean audio signal
and a spectral output sampled every 20 ms with spectral
analysisperformed by a CHIRPZ algorithm. Once the max-
imal velocities were obtained by finding the high-pitched
whistling signal of the jet, a 600 Hz filter was used to
minimize the contribution of the lower velocities. Spectra
were obtained with standard gray scale allocation selected
to provide a relatively linear and almost bistable output.
This allowed detection of the peak velocity, even if it was
not the only velocityrepresented withinthe signal. The two-
dimensional image apd spectral Doppleroutputs along with
the simultaneous lead II electrocardiogram were recorded
on video tape or hard copy, or both, at a paper speed of 50
to 100 mm/s (Fig. 3).
Ultrasound examinations wereperformed by positioning
the transducer over the palpable cardiac apical impulse,
imaging the heart in an apical left ventricularoutflow tract
view. The sample line for continuous mode Doppler sam-
pling was then positionedalong the left ventricularoutflow
tract (guided by the position of the subaortic membrane
0.4
(Seconds)
Figure 2. Representative tracing of the simultaneous left ventric-
ular and ascending aortic pressures ina dog inwhich a subvalvular
chamber was identified. In the majority of dogs, however, no
discrete chamber was recorded; rather, a sharp pressure decrease
existed between the left ventricle and ascending aorta.
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Figure 1. Section of the heart from an 18 month old Newfound-
land dog with subaortic stenosis. The left ventricular outflow tract
gradient at rest was 70 mm Hg. There is severe left ventricular
hypertrophy (the septum and free wall are 20 mm thick). The
obstructing ring below theaortic valve is indicated bythe arrow.
(Photography by M.M.M. Moore.)
5 dogs youngerthan 1monthold hada fibrous ring. Morpho-
logically, the subaorticring consistsof fibrous tissuelocated
in the left ventricular outflow tract approximately 1 em
belowthe aortic valve and is continuouswith the ventricular
septum and anterior leafletof the mitral valve (Fig. 1). The
subaortic obstruction in these dogs is associated with left
ventricular hypertrophy (left ventricular/body weight ratio
> 4.5 g/kg), endocarditis of the aortic valve, aortic insuf-
ficiency, abnormalities of myocardial blood flow, myo-
cardial fibrosis, left ventricular failure and sudden death
. ,
(10). Thus, subaortic stenosis as it develops in Newfound-
land dogs is morphologically and clinically similar to the
discrete form of subaortic stenosis found in human patients.
Experimental preparation. Twenty-three Newfound-
land dogs from the colony were sedated with alpha-chlor-
alose, intubated and mechanically ventilated. A catheter
with two micromanometers (MillarInstruments) was passed
retrograde from the femoral artery and positioned so that
one micromanometer was positionedinside the left ventricle
below the stenotic ring and the other one in the ascending
aorta above the aortic valve (Fig. 2). In addition, a ther-
modilution catheter was positioned retrograde in the main
pulmonary artery to measure cardiac output. To vary the
gradient, the dogs were studied at rest, after provocation
with continuous amyl nitrite inhalation for 2 minutes and
after 5 minutes of a constant rate infusion of isoproterenol
(0.01 J,Lg/kg per min). Maximal jet velocities in the as-
cending aorta were recorded by Doppler technique for each
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the elevational or azimuthal plane (that is, the plane per-
pendicular to the imaging plane) since this could not be
assessed with a two-dimensional system. To compensate for
potential sampling angle errors, flow velocity was maxi-
mized, as just described, by fine positional changes of the
sample volume and the transducer.
The recorded peak systolic flow velocity was converted
to transvalvular pressure gradient using the proposed sim-
plified Bernoulli equation (11): gradient (mm Hg) == 4 x
maximal velocity? (m1s). This simplification of the Bernoulli
relation took into account only the convective acceleration
of blood passing through the stenotic orifice and neglected
early systolic acceleration as the valve opened and viscous
friction, which was minimal in the central lumen of the jet
where the velocity profile was assumed to be flat (12).
Statistical analysis. Maximal velocities were measured
by two observers who were unaware of the pressure readings
or of each other's results. These were obtained as the av-
erage of five consecutive RR matched beats. The relation
between the maximal recorded Doppler jet velocity and the
catheterization-measured gradient was analyzed by the least
squares regression method. Linear correlation was used to
compare the Doppler-derived gradient with the measured
gradient. Paired t tests were used to evaluate measurement
repeatability and interobserver variability.
Figure 3. Example of a two-dimensional echocardiographic image
(top) and Doppler recording from the ascending aorta (bottom)
obtained from a dog with a very severe gradient across the subaortic
membrane. The ring, denoted by the white arrow on the two-
dimensional still frame, was visualized only on one side of the
subaortic area. The sampling line is shown at the position where
the maximal velocity was recorded, as demonstrated by the audio
signal and the spectral display (black arrows). Even though a
sample volume is demonstrated on the image, maximal velocities
were recorded in continuous wave mode where no range gate is
possible and all velocities are summated along the entire line of
sight (see text for details). Ao = aorta; LA = left atrium; LV =
left ventricle; RV = right ventricle.
when seen), assuming that the direction of blood flow was
perpendicular to the line of the imaged membrane. Maximal
velocity was found and recorded by small changes in trans-
ducer angulation and scanning plane until the highest fre-
quency audio signals were identified and the highest max-
imal systolic velocity was recorded. It was predetermined
that if this maximized recording position placed the sam-
pling line at an angle within 15° to the assumed direction
of flow perpendicular to the imaged subaortic membrane,
no correction of the Doppler velocities would be applied.
If the angle was greater than 15°, the recorded velocities
would be corrected for angle. No corrections could be ap-
plied for the angle between Doppler sampling and flow in
Results
Hemodynamic results. A total of 65 ventricular to aor-
tic pressure gradients were recorded from the 23 dogs. For
all 65 gradients, adequate Doppler studies were obtained,
resulting in 65 paired data points. Left ventricular pressure
ranged from 70 to 190 mm Hg, ascending aortic systolic
pressure ranged from 50 to 160 mm Hg and derived left
ventricular to ascending aortic pressure gradient ranged from
o to 123 mm Hg. Cardiac output determined by thermo-
dilution technique at each hemodynamic state ranged from
1.5 to 10 liters/min.
Doppler studies. Peak jet velocities were identified by
the whistling audio signal in all cases and adequate Doppler
spectral traces were recorded for all 65 gradients. Estimated
sampling angles were less than 15° for the 65 velocity mea-
surements; therefore no angle corrections were required (Fig.
3). Interobserver variability and errors in repeatability were
less than 5%.
The linear relation between maximal systolic Doppler
velocity and the left ventricular to aortic gradient measured
at catheterization yielded a correlation coefficient of
0.92 ::t 37 cmls (Fig. 4). Regression to a power function
did not improve the correlation coefficient or the standard
error of the estimate (r == 0.54). The Doppler-estimated
gradient derived from the modified Bernoulli equation cor-
related well with the pressure gradient obtained at cathe-
terization (r == 0.95, SEE== ::t 7.1 mm Hg) (Fig. 5).
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the subaortic obstructive elements may sometimes be more
evident by echocardiography than by angiography. Echo-
cardiography, however, has not been particularly useful in
grading the severity of the obstruction .
This canine study differs from previously reported studies
testing the Bernoulli relation (14,15) in that simultaneous
derivation of pressure and velocity data was obtained from
closed chest dogs rather than with open chest Doppler in-
terrogation . Further, the animal models used for creating
obstructive lesions in previous studies involved acute band -
ing of either the pulmonary artery or the aorta to produce
an hourglass-type adynamic obstruction not in proximity to
a valve. In the present study , an animal model was evaluated
in which the obstruction was chronic and lay immediately
underneath a valve, as in clinical subaortic stenosis, in an
area at the junction of the left ventricular outflow and inflow
tracts. Additionally, the obstruction mimicked the clinical
spectrum of subaortic stenosis in that it was not a totally
discrete membrane, but represented a spectrum of fibro-
muscular obstructive membranes forming on an underlying
hourglass subaortic deformity. Thus, the accuracy of Dop-
pler technique and the Bernoulli relation for estimating gra-
dients resulting from the formation of a high velocity jet,
its transmission through the aortic valve and its recording
in the ascending aorta had not previously been evaluated .
Clinical implications. A noninvasive technique for the
serial assessment of the severity of subaortic stenosis would
be of substantial importance because subaortic stenosis is
often a progressive disease as documented in most clinical
series (16). The spectrum of disease seen in this inbred
population of Newfoundland dogs is very similar to that
20 40 60 80 100
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Figure 6. RelationbetweenDoppler-predicted gradientand actual
catheterization (CATH) gradient is demonstrated for 3 of the 19
dogsthat hadserial gradientdeterminations at threedifferenthemo-
dynamic states. Results in these 3 dogs are representative of those
obtained in all 19 dogs with serial Doppler studies and suggest
that Doppler velocity determinations withinthe samedog can track
changes in the gradient.
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Figure 5. Dopplermaximalvelocitieswereconvertedtoa gradient
using the modified Bernoulli equation. The linear correlation be-
tweentheDoppler-estimated gradient andthecatheterization (CATH)
gradient resulted in very good predictability.
Discussion
Although discrete or fibromuscular subaortic stenosis is
an uncommon form of fixed left ventricular outflow tract
obstruction (13), its diagnosis can usually be made by echo-
cardiography. Definition of the membrane and definition of
Since 19 of the 23 dogs had three pressure gradient de-
terminations at three different hemodynamic states, data
were analyzed for each dog to see if Doppler velocities
accurately tracked changes in pressure gradient within the
same experimental subject. Figure 6 demonstrates this re-
lation in 3 of the 19 dogs. These results are representative
of those obtained in all 19 dogs and suggest that serial
Doppler velocity determinations within the same dog reflect
changes in pressure gradient.
30 60 90 120
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Figure 4. Linear relation between maximal systolic Doppler ve-
locity along the ordinate and left ventricular to aortic gradient
determined at catheterization (CATH) along the abscissa (65 de-
terminations). Regression to a power functiondid not improve the
correlation coefficient or the standard error of the estimate.
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found in human subjects in that the disease progresses as
puppies mature to adults, and the aortic insufficiency is often
seen in animals with long-standing subaortic obstruction.
This study represented a unique opportunity to test the utility
of Doppler echocardiography in an animal model with a
form of outflow obstruction very similar to that found in
human subjects. The capabilities of Doppler echocardiog-
raphy to predict the pressure gradient in a group of animals
at rest and when stressed under anesthesia, as well as to
track the gradient in individual animals, was quite reassuring
with regard to its potential value in human patients. There-
fore, the study provides a method for initial clinical evalu-
ation of patients with discrete subaortic stenosis and a se-
rially applicable method for following the course of this
disease. We have also studied four children, aged 3 to 8
years, with discrete subaortic stenosis with a rest gradient
at cardiac catheterization that ranged between 25 and 45
mm Hg. Doppler-Bernoulli studies in each of these children
predicted within 5 mm Hg the correct catheterization gradient.
During our study, it was also possible to detect aortic
insufficiency by Doppler sampling in 4 of23 dogs. Although
the sensitivity and specificity of Doppler echocardiography
for detecting aortic insufficiency remain to be established
firmly, they appear to be quite high in most clinical studies
(17). As such, the utility of continuous Doppler sampling
for evaluating the gradient across the obstruction combined
with pulsed Doppler sampling for evaluating the presence
and severity of aortic insufficiency should make this ultra-
sound technique an important procedure in the serial man-
agement of patients with discrete subaortic stenosis.
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